The gas phase dynamics of two classes of photochromic molecules, three spiropyrans and one spirooxazine have been investigated here using both Time Resolved Mass Spectrometry and Photoelectron Spectroscopy approaches. It is, to our knowledge, the first gas phase experiment done of these kind of molecules. The molecules are excited at 266 nm and probed at 800 nm. The comparison of the dynamics of these four molecules has been used to propose a sequential photoisomerization mechanism involving 4 steps occurring in the first 100 ps. Each of these steps are discussed and related to the observed condensed phase dynamics and to theoretical calculations.
Introduction
Spiropyrans and spirooxazines are two classes of photochromic molecules, that have huge commercial applications. Spirooxazines, for example, are already used in sunlight active media and now have attracted an even greater interest for their potential as optical memories and switches. 1 For this reason, they have been largely investigated in the past, essentially in the condensed phase. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] They are of considerable interest from a molecular viewpoint since they exist under two isomeric forms that also have quite different electronic structures. 14 The nature of the mechanism that allows these molecules to switch with high efficiency from one isomeric form to another is far from being fully understood. The different absorption spectrum associated with each of the two isomeric forms and their poor overlap provides a means of monitoring experimentally the switch from one form to the other allowing a clear cut transient absorption measurement in the condense phase.
Several experimental methods have been used to retrieve information relating to the ring opening dynamics in the condensed phase: cold temperature experiments, 7 nanosecond flash photolysis experiments, 6, 13, 15 picosecond experiments, [16] [17] [18] and recently femtosecond experiments. 4, 12, [19] [20] [21] [22] Each of these studies has provided some time constant for the evolution of the reaction within each of the time domains explored. The evidence points to a complicated mechanism involving both singlet and triplet excited states followed by solvent relaxation and thermal rearrangement.
TD-DFT calculations of Sheng et al. 23 surfaces. These calculations were carried out for isolated molecules and then ex- Table 1 ) are isolated in order to reveal their inherent photodynamics, in the absence of any perturbation by a solvent and to characterize intermediates.
Experimental
The experimental setup used in this study will be described elsewhere, 24, 25 Table 1 , supplied by Aldrich) into a tablet at 15 bars pressure. 26 The temperature of the oven was typically held at ∼470 K. No evidence of molecular fragmentation (or isomerization) due to source heating was observed.
The free-jet expansion was separated from the region of interaction by a skimmer.
Molecules entrained in the carrier gas helium, held at ∼2 bar stagnation pressure, were probed perpendicularly to the beam axis by a femtosecond laser (LUCA, a European SLIC facility). In accordance with the typical absorption spectra for the molecules of interest, the third harmonic of the Ti:sapphire laser (267 nm) was used as the pump pulse. Following the initial excitation, the fundamental of Low energy ions and electrons are especially well-resolved by this technique. However, since information is extracted from an angular distribution spread over an area, a greater number of averages must be recorded to achieve equivalent signal to noise ratios as obtained by ordinary mass spectrometry. This drawback is partially compensated for by a 4π steradian collection of the charged particles.
The energy calibration of the photoelectron images (which can in turn be used to calibrate ion energies) was carried out by introducing Xe and Ar into the ioniza- 
Results and data analysis
As is commonly observed in an experiment involving photoionization, several fragment ions appear beside the molecular mass of the parent. This raises the question of whether the fragment ions result from the ionization of an excited neutral fragmenting during the time interval between the pump and the probe, or from a fragmentation of the molecular ion. Hence, before presenting the pump/probe results and their analysis, we present mass spectra and discuss the origin of the observed fragment peaks.
Mass spectrum and assignment of the fragment ions
A typical mass spectrum for molecule 1 (see figure 1 ) is displayed in figure 3 . The truncated signal at 322 g.mol −1 corresponds to the parent whilst the relatively sharp peak at 175 g.mol −1 is attributed to an impurity in the sample. The other peaks are attributed to fragment ions. The width of the parent peak is comparable to that of the impurity at half maximum when the full scale is observed. In contrast, those of the fragments are significantly broader. This is good evidence that the peaks below the mass of the parent ion signal derive from a fragmentation process.
It can be reasoned in a number of ways that the cation fragments detected in these experiments are generated at the time of ionization or following ionization: Molecule mass g.mol −1 supposed formula (see figure 4 ) To our knowledge there are no ionization potentials (IP) reported for any of the molecules studied in the present paper. We can never- Table 3 . Table 3 , that in the ground state of the parent ion for all the molecules studied here, the positive charge would be expected to
It appears in
Molecule chromene subunit indoline subunit 
Pump/probe experiments
Relatively fast dynamics (0 -2 ps) and slower dynamics (up to 200 ps) were observed for each of the four molecules under consideration by following the evolution of both photoelectron and mass spectra as a function of pump-probe delay time. 
Where Forms A · · · D are labels involving no implication upon the nature of their molecular structure or their electronic excitation. As we shall see in the discussion, such a scheme can be related to the TD-DFT calculations of Sheng et al. 23 The kinetics for this model gives rise of the following rate equations:
Where C 0 is the initial amount of molecule excited to Since the time scales for each of the three dynamical components are appreciably different the fits to the experimental curves can be done with good accuracy. As figure 6 and figure 7) . The respective decay times τ 1 , τ 2 and τ 3 used in this example are 47 fs, 213 fs and 5333 fs. dynamics and are fitted to the same set of curves and the same time constants.
The signals have been fitted by the function F it(t) that is a convolution product of the function f (t) and a gaussian function g(t) -the cross correlation profile of the laser. For each mass the fit function is therefore defined as:
β (y offset), γ (t offset) and δ (laser pulse width at half maximum) can be Ionization of molecule Accuracy ± 10% N/A ± 10% ± 5% ± 10% N/A ± 10% ± 5% Table 4 : Cross sections of parent ionization (without fragmentation) referenced to the cross section of Form B, and the ionization of the parent followed by the formation of the fragment represented in figure 4 .
found with much higher precision than rate and cross section parameters and are not dependent on the dynamics. δ is fixed to 110 fs for all fit functions. The results of the fits are presented in tables 4 and 5. Intensity (a.u.) Figure 9 : Fit obtained with molecule 3 at the parent mass, using equation 6 with the parameters presented in tables 4 and 5.
Photoelectron spectroscopy
General considerations: The photoelectron spectroscopy provides us with an additional information to the mass spectra only if the ionization Molecule τ 1 (fs) τ 2 (fs) τ 3 (fs)   molecule 1  40  233 12,000  molecule 2  43  267 12,000  molecule 3  47  333 12,000  molecule 4  47  213  5,300 Accuracy ± 3% ± 3% ± 7% Practically, in the very approximate case of an excitation by the pump of a monoelectronic orbital where the electron to be removed is localized on the same atom as the charge in the ion, the ionization is direct and well-described by the Koopman's theorem, 32 with almost no configuration change before ionization. In the alternative case where a vibrationally induced configuration change is necessary for ionization to take place, autoionization will occur. These two extreme cases can appear successively when ionizing an excited neutral species that evolves with time. This is typically what would be expected in a "complementary Koopmans' type correlation" as that introduced by Stolow et al. [32] [33] [34] but in a particular case where the probe laser can ionize only one of the two states concerned, and reach a Rydberg state for the other one.
The autoionized electron is ejected in a delay that can be greater than the picosecond.
In the present case an extensive molecular fragmentation can observed in figure 3 . With two almost independent cycles, the electronic autoionization may play an important role. Indeed, as the excitation may be localized on one subunit of the molecule, the probe laser can either ionize the excited subunit or excite the other. The total energy involved is the same, but the second process induces a fast electronic autoionization 32, 35 where the excess energy is partially relaxed to the vibrational modes instead of being converted into electron kinetic energy.
Because of the number of fragmentation channels involved and the complexity of the ionization mechanism, a structureless broad photoelectron spectrum independent of the ionization energy 36 is observed. If it is assumed that electrons are principally ejected from the parent then the number of vibrational and electronic states populated in the remaining ion population can be evaluated by considering the number of fragment ions observed in the mass spectrum.
Present study: A time dependent photoelectron spectrum for each molecule was recorded using 266 nm as the pump and 800 nm as the probe in order to further characterize the evolution of the excited neutrals. 37 The important features of the electron spectra along the re- • The photoelectron spectra have similar structures for the molecules in this study.
• There is a structural feature for short time delays peaking at ∼ 0.55 eV .
• The short time delay feature for molecule 3 appears broader at the higher electron energies ( figure 11 ) when compared to molecule 1 and 2 which share the same skeleton. The feature for molecule 3 drops at about 1 eV, whilst it falls off at about 0.75 eV for molecule 1 and 2.
• This feature disappears for longer time delays.
• The polarization of the structural feature shown in figure 10 is fitted by a second order Legendre polynomial. Higher order terms are negligible. These regions were selected from the evolution of the parent pump-probe signal.
It is apparent that the structural feature in the photoelectron spectrum is greatest when Form B is most predominant.
The feature observed while Form B is most present corresponds to a structure expected for a direct ionization process. The polarization of the feature gives us information on the initial electronic state convoluted by probe ionization. However, because of the multiphoton character of this ionization, the geometry of the initial state is not determinable.
According to the previous discussion, it appears that the structure of Form B should be similar to that of the ion. Furthermore, the difference observed for molecule 3 suggests that this state is localized on the indoline subunit. Figure 12 : Photoelectron images of molecule 3 summed for different regions and normalized, superimposed for low energies. The insert presents the result of the fit for the formation of the fragment of molecule 3. It appears that the structure at 0.55 ± 0.5 eV is higher when Form B is at a maximum. 20 
Discussion
The kinetic model (1) to D must be completely characterized electronically and geometrically. The best approach with this purpose in mind is to compare the behavior of the 4 molecules for a given form. We will reason within a relaxation scheme in which the pyran cycle opens and then allows the double bond to twist to generate form D. We shall use dynamical and theoretical arguments to justify the mechanism summarized in figure 13.
Form-to-Form discussion
Form A: We already saw that all of the studied molecules presented in figure 1 , are composed of two independent orthogonal delocalized systems; an indoline subunit and a chromene subunit. From Table 5 it appears that the decay of Form A is about the same, ∼ 45 fs, for each of the molecules. However Table 4 shows a contrast in the relative intensity of Form A (σ A ) for molecule 2 where it is twice that of molecule 1 and 3 which have the same spiropyran skeleton. Furthermore, the cross sections for both ionization and fragmentation are very low for molecule 2 when compared to molecule 1 and 3 which are similar. This suggests that the initial excitation is located on the chromene subunit (right part) of the 21 4 molecules studied (see Figure 1 ). This observation is also supported by absorptions experiments conducted by Tyler et al. 38, 39 Comparison of the absorption spectra of each independent subunit of the molecules and the absorption spectra of the spiropyrans indicates that the S 1 state and the S 3 state which absorbs around 266 nm are located on the chromene subunit. or an aniline core is present 40, 41 suggest the possibility of a rapid 1 ππ ⋆ to 1 πσ ⋆ relaxation. In the phenol case, the σ ⋆ is located on the ΦO − H bond. If we assume that the excited state is localized on the chromene subunit, modeled here by a substituted phenolic subunit, and involves some Rydberg character, the mechanism resembles that involved for Furthermore, a pump-probe experiment at 266 nm/400 nm did not show any dramatic improvement in the absorption cross section of Form D. We did not see any depletion of signal for Form D. We estimate its lifetime to be greater than 500 ps for each of the molecules studied. We note that no evidence for the formation of the more stable, cis/trans, isomer is found in this study. Figure 13 represents the summary of the attributions discussed. 
Mechanism
The model presented here is a tentative one. However, support for this mechanism is given by theoretical calculations. 23
The kinetic model proposed here (equation 1) can be compared to other models found in the literature and inferred on the basis of condensed phase dynamical studies. 4 Femtosecond excitation in the liquid phase reduces the time resolution due to wavelength dispersion in the solvent such that the shortest time constant (< 100 fs) is more difficult to access. We expect the liquid phase studies to reveal only one Form whereas Forms A and B are resolved in these gas phase experiments.
On the other hand, the ground state of the parent was not accessible in these experiments, because of its high ionization energy; any energy relaxation from the excited state to the ground state is not detected. The presence of an intermediate state on the ground state PES in this relaxation process is also not observed in this study while it can be observed in the liquid phase. The scheme described using the observations of liquid phase experiments is as follows: that is not considered in the models given for the condensed phase studies.
It is important to notice here that the presence of a relaxation channel, not considered in our model, is also incorporated in σ X that actually represents the product 26 of the absolute cross section and the number of molecules.
Evidence has been given for a sequential mechanism. The principal uncertainty is, however, associated with the appearance of Form B. Its sequential appearance is confirmed by the late increase in the feature of the photoelectron spectrum associated with Form B.
Singlet vs Triplet electronic state
Condensed phase experiments have shown that the triplet state can play a role in the dynamics of spyropyrans and spirooxazines 6,44 especially when substituted with nitrated groups. The participation of this state depends on the degree of substitution. 45 On the other hand, unsubstituted spiropyrans and spyrooxazines are known to commute only in the singlet state, 13, 46 even if the triplet pathway exists and can be accessed indirectly by photoactivation of the benzophenone. 47 The calculations done by Sheng et al., 23 show a reaction pathway represented by the following scheme:
where SP refers to the spiropyran molecule, and TCC and TTC refer to the configurations trans-and cis-of the three C − C bonds linking the indoline to the phenol part of the merocyanin molecule. There appears to be a clear relationship between Form A and SP ⋆ , Form B and x SP, Form C and x TCC and Form D and
Based on energetic arguments of the barriers, the authors of this theoretical paper conclude that for strong donor-acceptor substituted spiropyrans the isomerization takes place exclusively on the triplet-state PES.
The substituent of the three spiropyrans molecules studied here has both strong 27 donor (NO 2 )-acceptor (N − CH 3 ) characters. According to the condensed phase literature and the TD-DFT calculations, the molecules 1 to 3 have dynamics which involve excited triplet states whereas molecule 4 is not expected to.
There, it is suggested that Form B is created from the singlet Form A in less than 50 fs and transformed to Form C in less than 350 fs. On account of the short time scales involved, it is considered unlikely that the Forms A and B have a triplet character. This is further supported by the singlet character of the states involved in the 1 ππ ⋆ to 1 πσ ⋆ relaxation described in the literature. 41 Furthermore, Sheng et al. 23 presents two possible pathways for a transformation to the merocyanin structure via a triplet state, and only one via the singlet state, on the grounds of barrier heights. We have not found any evidence for the presence of two mechanisms for this transformation. However, the techniques used in this investigation are not sufficiently sensitive to small deviations in the dynamic profile.
If we compare the set of molecules which are considered as having a triplet state involved in the dynamics i.e. molecule 1, 2 and 3 with molecule 4 which is thought to isomerize in the singlet state, we note that the ionization cross section, σ D , is 0 for molecule 4 and greater than σ C for each of the other molecules. Here, it is not clear whether this indicates that molecule 4 has relaxed to the fundamental state in a singlet state mechanism or whether this is a result of some characteristic difference between the spirooxazine and the spiropyran skeleton. If we suppose that Form D is the triplet state for the nitro-spiropyrans and the fundamental state for the spirooxazine, it suggests that τ 3 is the conversion time. Then, it is not clear why this time is longer for the conversion to the triplet state than for the conversion to the ground state. The inverse is expected. The questions also stay open for Form C and Form D, and further investigation is needed.
Effect of substituents
The present study does not permit a complete understanding of the substituent effects since they usually give rise to minor energy changes at the equilibrium geometry and the transition state. The total energy introduced in the molecule by these femtosecond pulses is much higher than the transition state energy considered. Furthermore, the signal observed, depends on the number of molecules irradiated, on the absolute excitation cross section, the absolute ionization cross section of the excited molecule in each Form and on the laser intensity. Since, we do not have access to the initial molecular number density, all the absolute ionization cross sections are indeterminate.
Nevertheless the role of the substituent can be observed within the time constants in Table 5 where there are no dramatic differences observed between molecules 1, 2 and 3.
According to our interpretation and to Sobolewski et al., 41 the transient efficiency is ensured by the presence of a substituent that allows the relaxation from 1 ππ ⋆ to 1 πσ ⋆ (especially in the gas phase). The substituent may also play a role in which relaxation to the ground state through a conical intersection is avoided thus favoring the intersystem crossing to a triplet state.
Conclusion
We have studied the time resolved gas phase dynamics of several spiropyrans and spirooxazines differing by minor functional groups. The comparison of their dy-namics and their ionization cross sections has helped us to verify a sequential mechanism where four steps have been observed. We have been able to characterize two of these, although questions still remain unanswered for the others. The first step (Form A) is assigned to the initial excited state ( 1 ππ ⋆ ). This state is depleted into Form B attributable to 1 πσ ⋆ in about ∼50 fs. Form B evolves in ∼260 fs to Form C which is presumed to have its pyranic cycle opened and to be in the process of isomerizing. The analysis of time resolved photoelectron spectra lends credence to the assignment of Form B to the 1 πσ ⋆ state and the low of ionization efficiency of Form C and its assignment to an open structure zwitterion.
Form D is created from Form C in ∼10 ps. We assume that the electronic connection between both subunits is recovered in this step and that this form has a structure close to the merocyanin structure.
In the future, we plan to study another set of molecules selected to resolve the question of the actual excited states involved in the dynamics. A further study will focus on the influence of a solvent on the relaxation process, by depositing the photochromic molecule on a large argon cluster and then by introducing solvent molecules. Matrix isolation studies should be helpful for the full characterization of the Form C. 
